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Abstract
Since the first generation of lithium-ion batteries featured lithium cobalt oxide cathode and
carbon anode commercialized in the 1990s, the high-capacity materials with lower cost are in
demand to further increase the battery energy density. Lithium metal and silicon anode are
promising high-capacity anode materials to achieve next-generation lithium batteries. However,
both the materials actively react in electrolytes and suffer from dramatic volume change.
Therefore, a reliable passivation layer at the electrolyte/electrode interphase (i.e., solid
electrolyte interphase, or “SEI”) is required to support the long-term cycling of both materials.
Cetrimonium hydro fluoride (CTAHF2) has been proposed and synthesized as an electrolyte
additive, which has the unique advantages of increasing the electrolyte wettability and
introducing more LiF content in the electrode surface layer. By incorporating 4 M Lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) in dimethoxyethane (DME) electrolyte, the cycling
life has been increased for both lithium metal and silicon anode. To understand the origination
and evolution of SEI layers in energy storage systems, an integrated microscopic study has been
applied to explore the interfacial reactions initiated on the surfaces of different electrode
materials. Specifically, atomic force microscopy (AFM), combined with the scanning electron
microscope (SEM), and X-ray photoelectron spectroscopy (XPS), is employed to probe the
properties of SEI layers formed on different electrode surfaces. A custom-designed
electrochemical cell has been proposed to allow the monitoring of SEI layers by using in situ
AFM in a “living” cell.
Layered LiNi0.8Mn0.1Co0.1O2 (NMC811) is one of the most promising cathode materials for
modern lithium-ion batteries with respect to its high reversible capacity. Whereas the redox
reactions of Ni2+/Ni3+ and Ni3+/Ni4+ contribute the majority of reversible capacity, the highly

reactive Ni-rich surface also encourages the growth of surface impurity species, which causes the
irreversible capacity loss and degradation of cycle life. In this work, the residual lithium
compounds induced cell failure based on NMC811 was investigated. An acid-base titration
method is employed to quantify the carbonate species generated during ambient storage. Finally,
a feasible coating method with ethylene carbonate as the coating material has been proposed and
helps to maintain the chemical and structural stability of the materials during the ambient
environment storage. In comparison to the non-treated extended air-storage samples, the coating
treated samples effectively alleviate the initial capacity loss and cycle life degradation. The
surface chemical and structural changes and their relevance to electrochemical performances are
further discussed in this work.
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Chapter 1.
1.1
1.1.1

Introduction

Overview
Li-ion batteries and beyond

Back in 1990s, the first generation of as named “Li-ion battery” (LIB) from Sony company using
lithium cobalt oxide (LCO) as the cathode and soft carbon as the anode, displayed an energy
density of 80 Wh kg-1. To date, the state of art LIBs featured with LCO cathode and graphite
anode, displaying an energy density of 150 Wh kg-1 at 4.3 V and gradually replace Ni-MH
batteries (energy density 40-110 Wh kg-1), lead-acid batteries (40-60 Wh kg-1), and dominated
EVs market, with 1% of automotive sales consuming 60% of Li-ion batteries.[1, 2] Li-ion batteries
have many advantages over other chemistry including: (1) Li has the lowest reduction potential,
allowing the Li-based batteries have highest working voltage. (2) Li is the lightest metal element
and has one of the smallest ionic radii, therefore, resulting in higher energy density at cell level
and allow lithium ion transfer without damaging the host structure.[3] As figure 1-1 shows, LIBs
not only display great influence in electric vehicles and consumer electronics but also shows
profound influence in gride-scale battery storage to integrate renewable energy.[1] LIBs have
revolutionized people’s live in a more economic, convenient an cleaner way, which won the
merit of 2019 Nobel price to John B. Goodenough, M. Stanley Whittingham and Akira Yoshino
for their contributions in this field. However, the cost of cobalt in cathode, the cost of processing
and current mileage and battery life in LIBs have limit its advancement to meet the demands in
transportation market.

1

Figure 1-1 Current and future application of Li ion batteries [1]
From 2010 to 2016, the EV battery cost from over $1000 per kWh reduced to under $300 per
kWh, but it still need to be improved to cut the cost to half.[1] Increasing the cell energy is one
way to reduce the cost, since higher specific energy value will result in fewer materials to be
used for the same battery requirements. With mature processing condition, EV battery-based
graphite anode has reached its limit, as approximately 220 Wh kg-1 has been achieved and
commercialized. To further increase the energy, novel materials with different chemistries and
higher specific capacity must be found. Li-metal anode and Si anode delivered an Li+ storage
capacity of 3,860 mAh g-1 and > 3,500 mAh g-1, respectively, which are more competitive than
graphite anodes. At the same time, transition metal oxide cathode with higher specific capacity
and higher potential versus Li+/Li has been used to realize an energy density up to 500 Wh kg-1.
Recently, several associations and countries have published their roadmaps for batteries for
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future development (figure 1-2). By 2020, USA Battery 500, China, Japan RISING Ⅱ, and
Europe SET plan has approached or overlapped the target of 300 Wh kg-1 at the cell level.
Nickel-rich NMC is still the dominate cathode materials, while silicon-graphite composite
materials and Li metal are the main anode materials. The ultimate goal is expected to be
achieved by Li metal batteries (LMBs) with solid state electrolytes (SSEs) in the next ten years.
In the next part, an introduction of commercialized materials and promising electrolytes will be
given, and their pros and cons will be discussed.

Figure 1-2 Li-batteries performance for automotive applications, current status and perspective.[4]
1.1.2

Commercial cathode materials and battery chemistries

LIBs include a family of battery chemistries that use different combinations of cathode and
anode materials. Each combination has its advantages and disadvantages in terms of energy,
lifetime, power, cost and safety. The chemistry behind different materials could be categorized
into two types, intercalation-type and conversion-type.
In an intercalation-type LIB, Li+ is the guest ion that intercalate/deintercalated in the electrode
without inducing significant volume change (figure 1-3 a). The host network are metal
3

chalcogenides, transition metal oxides, and polyanion compounds. The state of art materials,
such as LiCoO2, LiFeO4, LiMn2O4, NMC, NCA and graphite, all belongs to this chemistry. Here
is the common equation for the conversion-type reaction.
Li

X + yLi + ye

↔ LiX

(Equation 1-1)

The conversion-type reaction typically involves the phase transition process that further increase
the specific capacity (figure 1-3 b). These materials are silicon, sulfur and oxygen. The lithiation
of silicon is also referred to as alloying process (figure 1-3 c, d) and can combine with maximum
4.4 Li-ions and deliver a capacity of 4200 mAh g-1. During the process, Si first lithiated from the
particle surface and transfer to the amorphous structure. The particle is fully lithiated with
combining with 3.75 Li+ and recrystallized to Li15Si4 under 50 mV. [5, 6] During the process,
silicon experiences the volume expansion, which is more than 300% of its original shape. The
volume change and corresponding problem and solution will be discussed later in this chapter.
The reaction of conversion-type lithiation is listed below.
yLi + ye + X ↔ Li X

(Equation 1-2)

The intercalation chemistry at cathode side was first proposed by Dr. M. Stanley Whittingham in
1976. With titanium disulfide (TiS2) as the cathode Li ion host, the battery was extremely
reversible and still can work after 35 years of storage. When pairing with Li metal anode, the
voltage was only up to ~2.0 V and the highly reactive Li metal also triggered the detrimental
dendrite growth.
Later, Dr. John B. Goodenough and his co-workers proposed another intercalation type cathode,
lithium cobalt oxide (LCO), which afford a voltage of 4.0 V versus Li+/Li and with a theoretical
specific capacity of 274 mAh g-1. As figure 1-4 a shows, LCO is a layered structure with Li and
Co occupying the alternating layers and located in octahedral sites, form a hexagonal symmetry.
4

Li+ go through the two-dimension diffusion between the alternate planes and the size difference
between Li+ and Co3+ support the fast ion transfer and good reversibility.[8] However, the

Figure 1-3 Different Li-battery chemistries (a) intercalation-type reaction (b) conversion-type
reaction (c, d) alloying-type reaction [6, 7]
materials cannot be fully delithiated. By looking at the redox energy of Co3+/4+ in figure 1-5, it’s
overlapped with the O2- 2p band, which will lead an oxygen release and structure collapse once
more than 50 % of Li are extracted from the material. Therefore, the practical specific capacity
for LCO is less than 150 mAh g-1 with a working potential of around 4.0 V. More importantly,
the thermal instability and high cost really hinder its application in EV batteries.[9]
When consider the chemical stability of transition metal, manganese (Mn) seems a good choice
since it does not involve any oxygen release. The LiMn2O4 (LMO) with spinel structure was
proposed by Goodenough and his coworkers in 1984. The theoretical specific capacity is 148

5

Figure 1-4 (a-d) structure and (e) discharge curve of intercalation-type cathode materials [10]

Figure 1-5 Positions of the redox energies relative to the top of the anion: p bands.[8]
mAh g-1 and the operating voltage is 4.0 V. LMO is a promising material for high-power
batteries because of the three-dimension Li+ diffusion path within the MnO2 host and Mn
vacancies. Although the material is chemically stable, it suffers from the structural instability due
6

to the Jahn-Teller (JT) active Mn3+.[11, 12] When another electron is involved in the structure
(LixMn2O4, x > 1), the average Mn oxidation state falls below 3.5 and the symmetry shift from
cubic (bulk structure) to tetragonal (from surface) and causing an increase of 16 % in c/a ratio.
The large anisotropic expansion and incompatibility between cubic and tetragonal phase within
the unit cell may cause the structure damage, reduce the electronic conductivity and reduce Li+
diffusion. [11] The Mn2+ generates from the disproportionation of Mn3+ is soluble in electrolyte,
which migrates to the anode side and generates unfavorable side reaction with electrode,
increasing the SEI impedance and damage the cycling life.[13]
Olivine LiFePO4 (LFP) was first proposed by Goodenough’s research group in 1997. LFP has a
lithium intercalation voltage of around 3.5 V and theoretical specific capacity of 170 mAh g-1.
The strong P-O bond in polyanions avoids the oxygen release problem at elevated temperature or
when the cells are overcharged. However, the hexagonal close packed oxygen and the separation
of PO43- to the FeO6, lead to the slow Li+ diffusion through the one-dimension channel and low
electronic conductivity. By surface conductive layer coating[14], element doping[15] and construct
the nano size particles[16], the electrochemical performance is improved. Nowadays, LFP has
been widely used in EV batteries because of good thermal stability and longer cycling life.
When considering the theoretical capacity, rate performance, cost and operating voltage, layered
lithium nickel manganese cobalt oxide (LiNixMnyCozO2, generally refers to NMC) should be a
better candidate and Ni-rich NMC has been considered as the only available cathode material for
the next-generation high energy batteries. Ni-rich NMC derived from the high-capacity LiNiO2,
processes a rhomobohedral layer structure. In the modified structure, Ni2+/3+/4+ acts at the main
redox reactions to provide the reversible capacity; Co3+/4+ enhances the structural stability and
help to reduce Li+/Ni2+ cation mixing; Mn4+ doesn’t involve the redox reaction but enhance the

7

thermodynamical stability.[17] The different ratio of transition metal (TM) ions, composition
relationship with performance are presented in figure 1-6 a.

Figure 1-6 (a) triangular phase diagram of LiNiO2-LiMnO2-LiCoO2 [18](b) . dQ/dV analysis for
NMC-graphite full cells [19]
The charging process involves three phase transitions, from hexagonal (H1) to monoclinic (M) to
hexagonal (H2, H3). All the NMC materials involving in H1 to M phase transition. When Ni
content > 80%, M to H2 occurs at 3.9 V. A larger peak at 4.15 V is related to the H2 to H3 phase
transition, and related to the capacity fading. Above 4.2 V, significant capacity fading happens
for NMC811 and may accompany by the oxygen release.[19] The origins of Ni-rich NMC cell
failure and how to deal with that are the remaining questions till now.
Another two high-energy layered structured transition metal oxides including the
LiNi0.8Co0.15Al0.05O2 (NCA) and Li- Mn-rich materials xLi2MnO3·(1-x) LiMO2, M=Ni, Co, Mn
or combination, referred to as LMR). The former replace the JT effect influenced Mn ions by
mono-valence Al3+, and has been applied in Tesla Model 3 EVs. The latter displays the highest
capacity of around 300 mAh g-1 at 3.5 V, but the capacity fading and poor rate performance has
limited its application.
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1.1.3

Ni-rich NMC cathode materials, problems and origins

Ni-rich NMC materials suffer from two types of problem, including (1) reversible capacity decay
(2) safety problem at elevated temperatures. The origins including residual lithium salts, Li+/Ni2+
cation mixing, oxygen release, irreversible phase transition, transition metal ions dissolution,
unfavorable side reactions with electrolytes, anisotropy and generation of microcracking, et. al.
Although the failure mechanism is more complex in a real battery, the intrinsic origins of failure
should be ascribed to two aspects: (1) residual lithium salts (2) oxygen loss due to the transition
of H3 phase.[20]
The residual lithium compounds (RLCs) were initially generated from the material synthesis
process and accumulates during storage (figure 1-7). During the synthesis, extra lithium salts
such as LiOH, Li2CO3, Li2O were used to compensate the loss during high-temperature
calcination. The presence of RLCs increase the pH and moisture of cathode powder, causing the
gelation during slurry preparation. The gelation is due to the dehydrofluorination of
polyvinylidene fluoride (PVDF) binder.[21]
(CH − CF ) + LiOH → (CH = CF) + LiF + H O
(Equation 1-3)
In addition, the presence of H2O induces the decomposition of Lithium hexafluorophosphate
(LiPF6) in electrolyte, which generates HF, as the following shows[22]:
LiPF → LiF ↓ +PF

(Equation 1-4)

PF + H O → POF + 2HF

(Equation 1-5)

2POF + 3Li O → 6 LiF ↓ + P O ↓ (or Li" PF )

(Equation 1-6)

The hydrolysis of PF6- may further corrodes the electrode and form H2O [23]
Li#Ni

"

Co" Mn 'O (s* + 2xHF → 2xLiF + Li
9

" #Ni

"

Co" Mn 'O

" + xH O
(Equation 1-7)

The transition from layered structure to the disordered spinel and/or rock-salt structure promotes
the depletion of active oxygen intermediates at the surface region. Such reactions are more
aggressive with higher Ni content or at elevated temperature.[20]
3NiO (layered) → Ni O/ (spienl) + 2(O*
Ni O/ (spinel) → 3NiO( rocksalt) + 2(O*

(Equation 1-8)
(Equation 1-9)

The active oxygen intermediates generate and react with electrolyte, resulting in gassing
problem, which mainly accounts for CO2 and CO generation. The other source of CO2 is from
the electrochemical reaction of RLCs at high potential (>4.3 V vs. Li+/Li): [19, 24]
C H/ O (EC solvent) + (O* → CO + CO + 2 H O
Li CO − 2e

→ 2Li + 172 O + CO

(Equation 1-10)
(Equation 1-11)

As described in equation 1-8 and 1-9, low valence transition metal oxides formed due to Li/Ni
cation mixing and oxygen release have higher solubility in the liquid electrolyte, which decline
the capacity and working voltage, reduced to metal or participate the anode SEI formation,
increase the impedance, resulting in performance degradation of the batteries.

Figure 1-7 Material surface change before and after expose to air.[25]
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1.1.4

High-capacity anode: Si

With a specific capacity of 3579 mAh g-1 (with 3.75 Li ions) Si anode has been considered as an
alternative material for commercial anode in LIB. However, the larger capacity implies that
silicon electrodes need to hold and extract more Li ions during lithiation and de-lithiation, which
further induce the volume expansion, deformation and fracture. [26] As a result, the capacity
decays rapidly during cell cycling. As a semiconductor, some of the Si particles fail to contact
with conductive carbon or current collector during delithiation (volume shrinkage), which also
accounts for the electrode failure. Another factor is the SEI keeps on growing and breaking
during cycling and therefore consume amount of electrolyte and decrease the coulombic
efficiency.

Figure 1-8 Illustration of Si anode failure mechanisms [26]
The main protection methods including decrease the particle size to nanoscale, making the Si/C
composite electrodes[27], surface coating, fabricating special structure such as Yolk shell [28] and
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mesoporous silicon sponge[29], designing the binder materials[30, 31, 32], and finding the suitable
film-forming additives. [33]

Figure 1-9 A few examples of silicon anode protection methods. [34]
Although decreasing the material size to the nanoscale, such as nanowire[35], nanotube [36] and
nanoparticles is one of the most important and well acceptable way, there are three remaining
problems in this strategy. First, the initial coulombic efficiency is relatively low because the high
surface to volume ratio causes more Li ions to be trapped in forming SEI. Second, reducing the
material size cannot eliminate the existing problem of silicon volume expansion and
deformation. Third, the delicate nanostructure will result in much higher manufacturing cost. [37]
1.1.5

Ultimate anode: Li metal anode, and rechargeable lithium metal batteries

Li metal has been considered as one of the most promising anode materials for Li-ion batteries
due to its extremely high theorical specific capacity (3,860 mAh g-1) which is ten times higher
than that of the graphite anodes (372 mAh g-1), and the lowest electrochemical potential (-3.04V
vs. standard hydrogen electrode). Besides, lithium is the lightest metal. Therefore, LMBs has
smaller volume comparing with LIBs at the same energy level (figure 1-10). Up to 2020, the
practical Li-metal batteries integrating with Ni-rich cathodes can deliver an energy density about
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300-350 Wh kg-1, compared with an energy density of up to 220 Wh kg-1 when graphite anode
was used in Li-ion batteries. Apart from the advantages of using Li metal, there are two main
factors that stumble the practical application.

Figure 1-10 Concept of typical Li-ion battery (top) and Li metal battery (bottom) [3]
First barrier is the limited coulombic efficiency (CE) during repeated Li plating/striping process.
CE is defined as the ratio between the amounts of Li stripped and the amount plated on the Cu
substrate.[38] More specifically, to apply an initial known amount of deposition charge (QT) to
plate Li metal on the working electrode (Cu or Ni) and determine the CE from the following
equation
CE89: = ;1 −

Q=
? × 100%
NQ>
13

(Equation 1-12)

QD refers to the cycling charge, N refers to the total number of cycles for the cell. [39]
The consumption of electrolyte and Li source, which is due to the side reactions happen between
Li metal and electrolyte, and between Li metal and copper (Cu) substrate, results in lower CE.
The former reaction results in initial solid electrolyte interphase (SEI) formation, and continues
to form inactive or mossy Li. The latter undergoes the conversion reaction and is showed in the
equation listed below:
Cu O + 2Li + 2e

→ 2CuO + Li O

(Equation 1-13)

Measurement of CEs is a good method to firstly screen out the incompatible electrolytes, but the
Li CEs are largely affected by the testing conditions and protocol. Therefore, the testing
condition has to be consistent when measuring different electrolytes. Since unlimited amount of
electrolyte and much thicker Li metal may result in artificially promising results in half-cell test,
the deposited Li on Cu need to be comparable with cathode loading in a battery (e.g. 4mAh cm-2
capacity corresponds to ~20 μm Li foil). To improve the efficiency, the side reactions have to be
minimized and more uniform and compact Li deposition are required. In particular, the
deposition morphology is closely related to a passivation film on electrode surface.
Second is the formation of whisker/needle-like dendrites due to uneven Li deposition. Li dendrite
growth would accelerate the parasitic reactions with electrolyte and exhausts the Li sources,
resulting low CE of batteries and low specific volume capacity of Li metal anode. The
continuous growth of needle-like dendrite could penetrate the separator and cause battery short at
the end which is consider as a severe safety hazard.[38] Besides the dendrite-related cell shorts,
the continuous growth of mossy Li (figure 1-11b) and the associated impedance growth is
another detrimental factors related to cell failure. Previous study shows that Li deposition was
homogeneous and more reversible at a low current density of 0.01mA cm-2.[40] However, such a
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low current density cannot meet the requirement for high energy density batteries. All solid-state
batteries are receiving more attention in recent years due to their inherent properties
(electrochemical stability and good mechanical strength) to suppress Li dendrite growth.[41]

Figure 1-11 (a) main problems in Li deposition.[42] (b) mossy and dendrite Li formation[43]
Although many literatures focus on the numerous determinant factors that influence Li dendrite
formation, the evolution of plated Li structure is dictated to a great extent by the concurrent
reactions between the reactive Li and electrolyte components (i.e., SEI). Once the dendrite
growth is suppressed, more uniform Li deposition is achieved and thus prevent destruction of
SEI layer. The same time, more uniform and more stable SEI layer contribute to uniform Li
deposition and inhibit dendrite formation.
1.2
1.2.1

Solid electrolyte interface (SEI) regulates battery performance
Physical and mechanical properties

Metallic lithium, graphite carbon, Li storage metal and alloys (LixSn or LixSi), which used as
anodes when working at relatively negative electrode potential, are thermodynamically unstable
to electrolytes, and therefore, form the “passivate” layer on the surface.[44] The layer protects the
surface of the anode and separates the further reducing reaction with electrolyte and is called the
solid electrolyte interphase (SEI). The SEI layer mainly consists of the decomposition product of
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electrolyte, including both inorganic and organic compounds. As the Peled model (figure 1-12)
shows, the inorganic components are more closed to the surface of anode and are more
responsible for the protection function of the SEI. Contrasting with the organic components,
which still allow electrolyte solvents to penetrate and further react with the electrode, the
inorganic SEI products are selectively permeable to the active charge carrier (the Li+ cation in
LIB). [45]

Figure 1-12 Peled model of SEI on lithium or graphite sheets.[46]
The SEI serves not just as the nanoscale passive layer on surface of the electrode, but also
influences the electrode degradation, long term stability and safety of the whole batteries,
making it one of the most important parts in rechargeable Li-ion batteries. However, the
formation of SEI is a complex process and still attracts researchers’ attention due to a few
questions:
(Ⅱ). The SEI once formed is not fixed in chemical components and properties.
(Ⅱ). The formed composite layers are sensitive to moisture and air and to be penetrated by the
electrolyte, therefore, making the analysis data unconcise.
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(Ⅱ). Optimizing of the SEI formation depends on the different physical environment. For
example, a dense SEI layer is needed for the graphite electrode while the SEI need to be
designed more flexible to accommodate the volume change and continuous mechanical stress for
silicon anode.
(Ⅱ). The protective properties of SEI are overemphasized. The composite property of SEI
ensures its protective function and cation conductive function. However, which also limit its
performance because usually, the conductive components are less stable while protective
components are less (or even not) cation conductive. For instance, Li2CO3 and LiF are the main
inorganic components of SEI whereas they usually don’t have the Li+ transport property in the
room temperature. To fulfil its electrolyte function, the SEI layer inevitably induces the Li+
conductive components. [44]
Compared with the research interest in SEI study, there have been less studies dedicate to
understand the cathode/electrolyte interphase (CEI), which should serve as the same functions as
SEI layer but on cathode surface. Several reasons account for the long-time ignored CEI study
includes: (Ⅱ). The cathode materials are considered more stable and resistive to solvent molecule
co-intercalation because of the layered structure be held by the Coulombic interactions between
metal cations and oxygen anions. (Ⅱ). Some of the oxidation decomposition happening during
synthesis or when store in atmosphere also serve as the passivation layer. [45] However, the study
of CEI is the same important. The high potential limit of the whole battery is related to the
breakdown of the surface layer. If the potential is above the high limit, the protection of electron
tunneling is losing and the electrolyte decomposition happen again. [46]
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While independent studies on SEI and CEI have been reported, the interaction between cathode
and anode also cannot be ignored. For example, in the nickel-rich cathode material, the present
of transition metal ions (Mn2+, Ni2+) served not only as the catalysts for the electrolyte
decomposition and CEI formation, but also dissolved at high potential or elevated temperature
and participate the anode SEI formation and increase the irreversible capacity loss. [13] Figure 113 also shows the synergistic interaction between LiCoO2 cathode and Li metal anode.

Figure 1-13 Dynamic evolution of CEI with SEI at different potential. [47]
1.2.2

Development of liquid electrolytes and film-forming additives

Conventional electrolyte and concentrated electrolyte
Lithium is thermodynamically unstable and tends to react with any kinds of organic solvent,
which not only result in a low CE but also consume Li source and electrolyte. Organic carbonate
electrolytes (such as PC, EC and DMC) have been widely used in Li ion batteries due to the
extend stable electrochemical window (mainly refer to the oxidation stability) and good
compatibility with conventional intercalation electrodes.[48] However, the conventional carbonate
electrolyte cannot effectively prevent dendrite growth on Li metal anode and results in low CE.
Among various organic solvent, ether electrolytes (such as DME, THF and DOL) stands out for
their good cathodic stability and effectively avoid direct reaction with Li metal and therefore
improve CE and result in a less-dendric Li morphology.
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Figure 1-14 Schematics of solution structures.[49]
1M LiPF6 in a mixed solvent of EC with linear carbonate esters has been an ideal formula over
the past 25 years[45] and could form an effectively passivating layer over the graphite anode.
However, LiPF6 is sensitive to moisture and temperature change and the electrochemical window
of the electrolyte cannot meet the requirements for high energy density batteries. Beyond
conventional electrolyte, concentrated electrolytes (usually the molarity of salts >3M) are
receiving increasing attention. Since the interaction between cations and anions increase in
concentrated electrolyte, the free solvent molecules disappear and the LUMO of the solution
shift from the solvent towards salts, rendering the prior decomposition of salts and form an
anion-derived SEI.[50] Furthermore, the solvent molecule that is coordinated with Li+ shows
higher oxidative stability than the molecule in its free state and add the advantage to achieve
higher cut-off voltage.
In a summary, the advantages of concentrated electrolyte over the diluted electrolyte are mainly
shown as follows:
(Ⅱ) Improved rate capability due to the formation of the anion-derived SEI;
(Ⅱ) higher voltage operation and wider electrochemical window;
(Ⅱ) stable operation and high level of safety.
Fluorinated electrolyte and SEI for high-voltage Li metal batteries (LMBs)
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Figure 1-15 Schematics of the formation of fluorinated SEI on Li metal anode.[51]
Fluorinated electrolytes and additives are featured with better oxidative stability due to the strong
electron negativity of the F-containing function groups and thus yielding fluorinated SEI. Ether
solvents are known for their good reductive stability with Li metal; however, the oxidation
stability of ethers is low (<4.0V) and inhibit their application in high-voltage LMBs. By
incorporating with fluorinated additives and salts, greater oxidation stability has been achieved in
ether-based electrolyte.[52]
In addition, introducing of F-containing function groups could lower the freezing point and rise
the flash point of the solvent, therefore reduce the safety issue with the organic solvents.
Fluorinated solvents and additives could also increase the surface energy and may help to
improve the wetting ability of the electrolyte.[51]
Fluorinated SEI is featured with high LiF content. LiF usually plays two critical roles in cell
performance: (Ⅱ) as a good insulator, LiF could effectively block electron leakage through
interphase and form a dense SEI on electrode surface (Ⅱ) LiF helps to regulate the nucleation
and growth of Li deposition by increase Li surface diffusivity.[38]
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The presence of fluorinated electrolytes and additives provide a higher electrochemical window
and make it possible to combine with high Ni-content cathodes and meet the 4.6V (versus Li+/Li)
requirement for high-voltage batteries.
Film-forming electrolyte additives
In the past few years, a major breakthrough in facilitating fluorinated SEI was achieved by
increasing the concentration of salts with fluorene-containing functional groups and
incorporating film-forming additives. The fluorinated SEI is more promising to regulate the
behavior of Li deposition and push the development of designing the high-voltage/high-energy
density lithium metal battery.[51]
The incorporation of a small dose of additives (usually below 10wt% or 10vt%) to facilitate and
modify the formation of SEI layer is considered as one of the most economical and effective
approaches for lithium-ion batteries. The additives that serve as the sacrificial components to
regulate the targeting properties of the interphase layer without changing the main structure of
the electrolyte before and after charging are called the film-forming additives.[53] More
specifically, the additives that are preferably to reduce and form an insoluble solid product on
anode are defined the reductive agent and polymerizable monomer, and the additives that are not
involved in reduction and act as to scavenge radical anions or combine with final reduced
product to form more stable SEI are called the reaction-type additive (e.g. CO2). Another type of
additives that suppress the solvent reduction by physically adsorbing on anode surface is called
the adsorption-type additive.[45]
Polymerizable monomers are featured by one or more carbon-carbon double bonds in their
molecules, including vinylene carbonate (VC), vinyl ethylene carbonate (VEC) et al. The
additives go through electrochemical induced polymerization during SEI formation.
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Reductive agent refers to the additives that assist SEI formation through adsorption of their
reduced product on the active sites of the anode, including sulfur-based compound, AgPF5,
fluoroethylene carbonate (FEC) et al. FEC molecule go through HF cleavage to form a VC
molecule. HF effectively improves the cyclability of Li metal anode by reacting with the alkali
SEI components, such as RO-Li and Li2CO3 to form a more even LiF-rich SEI.

Figure 1-16 one proposed mechanism for FEC reduction.[54] In this case, the intermediate VC go
through the predominant reaction, while it can also form poly(VC) through polymerization
process.
1.3
1.3.1

Advance in situ atomic force microscopy for interface study
In situ/operando characterization

Atomic force microscopy (AFM) has been a powerful tool to capture the interfacial evolution
with the advantages of high resolution and minimal damage to the samples. For optimizing the
battery performance, we still need an in-depth understanding of the electrochemical process and
morphology changes. [55] AFM could be used to study the interfacial reactions, crack formation,
volume expansion and evaluate the function and compatibility of battery components.
1.3.2

AFM general overview and working modes

The atomic force microscopy was first invented by Gerd Binnig in 1982. The AFM measurement
is based on the mechanism that the force between tip and sample surface would lead to a
deflection of the cantilever which obeys the Hooke’s law. The bending of the probe and vertical22

horizontal deflection of the cantilever is monitored and then detected by a laser that is reflected
from the back of the scanning probe.
There are three types of imaging modes: contact mode, non-contact mode and tapping mode.
During scanning in the constant mode, the force between the scanning tip and the surface are
constant thus the deflections of the cantilever are kept constant using a feedback loop. In noncontact mode, the cantilever just oscillates just above the specimen. In tapping mode, the
cantilever freely oscillates and taps the surface. The decrease in the amplitude of the oscillation
is then used to interpret the surface features of the sample. [56]
AFM has natural advantages over many methods in characterizing the properties of the SEI film
on electrodes. Firstly, the lateral resolution of imaging could be improved from 6 nm to 0.1-0.2
nm and the vertical resolution could even reach 0.01nm on AFM. Secondly, AFM can be done
in air or liquid, no evacuation or surface pre-treatment need to be done with sample. Thirdly,
AFM has the minimal destruction sample surface by using the tapping mode, which is of vital
importance since the outer layer of the SEI is more delicate. [57]
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Chapter 2.
2.1

Formation of LiF-rich SEI on Li metal anode with novel additive

Current wisdom

Bifluoride (HF2-), with strong hydrogen bond between fluorene and hydrogen, can form the
three-electron-four-center bond with linear structure, which promotes excellent stability, simplify
the process of preparing bifluoride salts with silver bifluoride via ion-exchange method and
remove the uncertainty of the product[58]. The bifluoride species, such as ammonium and sodium
bifluoride has been used as the nucleophilic fluorination reagent in organic synthesis[59],
potassium bifluoride as the low temperature stabilizer, and various bifluoride catalyst in
sulfur(VI) fluoride exchange chemistry[58]. When dissolve the bifluoride salts, there is an
equilibrium both in aqueous and nonaqueous solution, which depends on changes in pH.[60]
F H

↔ F + HF ↔ 2F + H

(Equation 2-1)

The F- ions are released and instantly form the LiF compound on the electrode surface with Li
ions in the electrolyte. The introducing of HF can also react with ROLi, Li2CO3 in forming the
LiF content. LiF has been considered as one the most important SEI components in improving
the uniformity of the electrode surface morphology and reduces the uneven deposition of Li
metal due to its higher interfacial energy, lower Li ion diffusion energy barrier, higher modules,
and good electric insulating property[38, 61]. By incorporating a small dose of additives (usually
below 10 wt % or 10 vt %), the targeting property (LiF-SEI) of the interphase layer could be
further enhanced without changing the main structure of the electrolyte. At the same time, the
amount of bifluoride salts has to be limited due to the acidity and relatively strong reactivity of
HF.
The proposed additive CTAHF2 consists of two parts, the hydrocarbon long chain with a
quaternary ammonium head group, a bifluoride end (HF2-). In the solid, the bifluoride group
24

balances the charge of the cationic long chain, while dissociating in the solution, the HF2reactions increase the fluorine content in SEI without introducing the organic decomposition
byproduct. In a previous study by Dai et al.[62], certain amount of CTA+ monomers in
cetrimonium chloride (CTAC) will be adsorbed around the protuberant region on Li metal anode
via the electrostatic interaction, which is impermeable to the electrolyte and produce dendritefree deposition. The lithiophobic repulsion mechanism has been well explained in their work and
will help us to better understand our material. Here we’ll more focus on the surfactant property
of the material. The cation structure has a hydrocarbon long chain with an ammonium head
group, which may share the similar surfactant property with the commonly used cationic
surfactant, such as cetrimonium bromide (CTAB) and CTAC. This type of surfactant has a long
chain hydrocarbon fragment which is hydrophobic, referred to as the “tail”, and a hydrophilic
head group. The amphiphilic structure serves as a bridge, as the hydrophobic tail reaches the
non-polar polyethylene (PE) or polypropylene (PP) separator[63] and the hydrophilic head reaches
the polar electrolyte, therefore, decrease the surface tension and increase the wettability of the
electrolyte.
Here we chose the 4M LiTFSI-DME as the baseline electrolyte because of their capability in
introducing more fluorene content on Li metal and Si anode. Certain amount of FEC, CTAHF2,
or combining of two additives will be added to the baseline electrolyte. By evaluating and
comparing the performance in different electrolytes, the proposed mechanism on new additive is
proved step by step, which we believe could help in studying both the bifluoride and cationic
type surfactant.

25

2.2
2.2.1

Proposed approach: film-forming electrolyte additive contribute to LiF-rich SEI
Material synthesis

CTAHF2 was synthesized with CTAB and AgHF2 with the following reaction (scheme 1)
DEFG + FHIJ → DEFIJ + FHGK ↓

Scheme 1. Synthesis reaction, molecule structure of the precursor and product.
CTAB solution (5.3553 g CTAB, 40 mL Methanol) was well-mixed in a high-density
polyethylene wide mouth bottle using a stir bar. 2.1417 g (one to one molar ratio of CTAB)
silver hydrogen fluoride (AgHF2, >99%) was weighted and fully mixed with CTAB solution for
three days to make sure the reaction was complete. The bottle needed to be kept in dark place
since AgHF2 is light sensitive. Took one microliter filtered solution and added 2-3 drops of 0.5
M NaI. Yellow precipitates formed if there were remaining Ag+, otherwise, the potentially
formed white precipitate (CTAI) could be dissolved with more methanol. Took one microliter
filtered solution and added 2-3 drops of 0.5 M AgNO3, the clear solution indicated there was no
remaining Br- in the solution. After that, the supernatant liquid was filtered with a Buchner
funnel and precipitated with diethyl ether (Et2O) in the ice bath. The mixture was centrifuged at
6000 rpm for 5 min at 18 °C to remove liquid and dried in N2 flow to get the white powder. The
product was recrystallized two times from a methanol/Et2O mixture. The N2 gas dried white
powder was sent to do 1H NMR (300 MHz, DMSO-d6) and 19F NMR (400 MHz, DMSO-d6).
1

H NMR (300 MHz, DMSO-d6): δ (ppm) = 0.84, 1.24, 1.65, 3.04, 3.35
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F NMR (400 MHz, DMSO-d6): δ (ppm) = -142.5
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2.2.2

Validation: performance, morphology and impacts on Li metal

The synthesized CTAHF2 composed of a hydrocarbon long chain with an ammonium head
group, which shared the similar structure with the cationic surfactant CTAB and CTAC, and the
only difference was a bifluoride anion, which was expected to contribute more fluorene content
once the charging process is begin.
The reduction potential was firstly investigated in a three-electrode-coin cell with a lithium chip
as the counter, lithium foil on Cu wire as reference electrode, and a Cu foil (φ1/4 inch) as the
working electrode. As the cyclic voltammograms test (figure 2-1) showed, all the cells had a
couple of typical redox peaks at -0.3 V to 0.3 V, mainly corresponding to lithium
deposition/extraction on Cu foil.

Figure 2-1 First cycle cyclic voltammograms tests in Cu||Li three-electrode coin cells
with/without additives. Scan from open circuit voltage (OCV) to -0.3 V, then back to 3.0 V vs
Li+/Li at a rate of 0.01 V s-1.
During the negative scan, the first reduction peak appeared at 1.251V to 1.015 V vs. Li/Li+, and
the second peak appear at 0.52V to 0.289 V vs. Li/Li+. The two regions corresponds to LiTFSI[64],
FEC decomposition[65], DME[64] solvent decomposition, respectively. There was another peak
sometimes found at around 1.85V [64] in baseline electrolyte, or with additive (figure 2-1a), which
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would contribute that to the impurities (e.g. moisture). To validate whether it may also originate
from the reduction of additive, the CV curved was obtained from the carbonate electrolyte baseline
(figure 2-1b). In 1M LiPF6 EC/DEC electrolyte, there was one peak found at 1.3 V to 1.0 V, which
is related to the residual moisture[66] and there was not a peak found at around 1.85 V. Therefore,
not clear evidence of CTAHF2 reduction have been found in CV test.[67] One thing to note is that
with the adding of CTAHF2, the two reduction peaks in 4 M LiTFSI-DME electrolyte were
weakened. The results are related to the prior formed LiF with CTAHF2 additive and will be
discussed in the flowing experiments.

Figure 2-2 (a-d) Cycling behaviors of Li-Li symmetric cells in baseline electrolyte with/without
additives. The cells are discharged/charged at 0.2 mA cm-2 to 5.0 mAh cm-2 at room temperature.
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The electrochemical performance of Li||Li symmetric cell using 4M LiTFSI-DME as the baseline
electrolyte with/without CTAHF2 and FEC additives are investigated and presented in figure 2-2.
All the coin cells were cycled at a current density of 0.2 mA cm-2, while the Li deposited and
extracted are controlled at 5.0 mAh cm-2 to accelerate Li dendrite formation. It is evident that
adding of 3% FEC or 1% CTAHF2 enable a longer cycling life of 3000 hrs and 4000 hrs,
respectively (figure 2-2b, 2-2d). Besides the better cycling life comparing to baseline electrolyte,
relatively larger overpotential was also identified for 1% CTAHF2 and 3% FEC+1% CTAHF2
(figure 2-2d, 2-2c). Usually, with increasing lithium salt concentration, the contact angle between
separator and electrolytes also increases, which indicates the worse wettability of separator
toward electrolytes. The contact angle results on polyethylene separator (figure 2-3) indicated
that adding of CTAHF2 could help decrease the surface tension and increase the wettability of
the concentrated electrolyte, which is attributed to its surfactant property.

Figure 2-3 Contact angle measurement for (a) baseline electrolyte (b) baseline plus 5% FEC (c)
baseline plus CTAHF2 (d) baseline plus 5% FEC plus 3% CTAHF2. Table 1 Contact angle in
different electrolytes
Electrochemical impedance spectroscopy (EIS) measurement can serve as an effective tool to
compare the behavior of the electrode-electrolyte interface. The cell impedance is recorded,
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including before and after depositing 0.5 mAh cm-2 Li, as well as stored for one week (figure 22e). The ohmic resistance (Rs) is found at the intersection of the impedance spectra with the real
axis, which can reflect the resistance of the electrolyte within the same system. The high-frequency
semicircle represents the kinetics of Li+ migration through SEI, whereas the medium frequency
region is related to the charge transfer process and double layer capacitance[68, 69]. Comparing with
the baseline electrolyte and baseline plus 3% FEC, the dramatically increased overall resistance in
the CTA-containing coin cells before and after Li plating indicate a more robust SEI was formed
from CTA reduction after cell assembly, which could contain more insulating content, such as LiF.
The continuing increased resistance over one-week storage after plating 0.5 mAh cm-2 lithium also
confirmed the growth of SEI with electrolyte and additive. The electrostatic adsorption of
ammonium head with hydrocarbon long chain on the freshly formed lithium metal surface also
can hinder the Li+ through the SEI, since the chain is lipophilic while the electrolyte is a polar
solvent, thus increase the charge transfer resistance[62, 69, 70]. The Rs value are retrieved from the
equivalent circuit fitting. For baseline, baseline plus FEC, baseline plus CTAHF2, baseline plus
dual additives, the Rs values are 5.997 Ω, 4.841 Ω, 5.829 Ω, 5.543 Ω. Another thing to note is that
the bulk resistance for FEC, CTA, FEC+CTA were around 82, 145, 280 Ω. Therefore, it is
supposed that the SEI resistance in FEC+CTA cells were generated from the reaction with baseline
electrolyte, FEC and CTAHF2. The consumption of Li source to form SEI in FEC+CTA sample
have an influence on Li+ concentration gradient at the near surface and cause the non-uniform
plating at the surface region

[71]

, and it is more obvious in deep stripping-platting. This also

accounts for the shorter cycling life in FEC+CTA cells. (figure 2-2 d)
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Figure 2-4 Coulombic efficiency test with (a-d) 4 mAh cm-2 discharge capacity, 50 μm lithium
foil on Cu (e) 0.5 mAh cm-2 discharge capacity, lithium chips versus Cu (10mm).
The columbic efficiency test was measured during an extended cycle number (figure 2-4). With a
discharge capacity of 0.5 mAh cm-2, the FEC-only and CTAHF2-only electrolyte showed higher
CEs after 40 cycles. With 4.0 mAh cm-2 discharge/charge capacity and limited lithium source
(about 10 mAh cm-2), all the cells failed within a few cycles. The CTAHF2-only showed the highest
CEs, but the overpotential was higher than the baseline.
A series of XPS was performed to characterize the SEI formed on DME solvent-washed Li metal
anode after 10 cycles of plating-stripping 0.5 mAh cm-2 lithium at 0.25 mA cm-2 (figure 2-5). In
the case of 4M LiTFSI-DME (baseline electrolyte), the C 1s spectra has the most intensive peaks
at 284-285 eV, which corresponds to the hydrocarbon species and to the species with single C-O
bonds[72]. Since the samples were thoroughly washed and dried before doing the test, the C-O
signal represents the incorporation of DME fragments in SEI.[73, 74] The C-Fx peak in C 1s, F 1s
spectra and S=O signal in O 1s spectra are the signatures of LiTFSI. A small peak at 288 eV was
also associated with C-SOx fragments in LiTFSI. All the concentrated electrolytes show strong
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Figure 2-5 XPS analysis of the SEI layer for Li metal after charge/discharge at 0.25 mA cm-2 to
0.5 mAh cm-2 for 10 cycles at room temperature. C1s, O1s and F1s spectra are presented, the
highest peak of C1s has been calibrated to 284.5 eV.
signals of Li2O and LiF, which are the main contributors to a more compact and denser SEI. [45]
[75]

In FEC-derived SEI, FEC was decomposed to form LiF and VC, which introduced LiF in F

1s, C=O in C 1s spectra, and polycarbonate in O 1s spectra. However, the C-Fx ratio is slightly
higher that LiF, indicating that LiTFSI is the main contributor to the F resource, which could be
explained by the similar reduction potential of LiTFSI and FEC in the CV test (figure 1).
Comparing with FEC additive, CTAHF2 did not involve in forming organic components in SEI
excepted a C-N signal (286 eV in C 1s) from the surfactant adsorption. The C-N signal was not
found in 10 cycle XPS data due to the complete solvent-wash process. However, with only one
percent adding of that, the CTAHF2-containing electrolytes shows higher ratio of LiF in F1s and
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lower ratio of C-O in C1s, which are related to the prior formation of LiF from HF2- group and
reduce the further decomposition of electrolytes.

Figure 2-6 (a-d) SEM images of Li metal in different electrolyte. The cells were
discharged/charged at 0.2 mA cm-2 to 0.5 mAh cm-2 for 50 cycles.
Owing to higher interfacial energy and lower lithium ion diffusion energy barrier, LiF usually
benefits larger size lithium deposits and more uniform distribution.[76] In SEM images (figure 26), the adding of FEC and CTAHF2 additive effectively inhibited the needle-like dendric Li
formation and increased the grain size. The surface area was further decreased with help of
CTAHF2, which could alleviate the electrolyte consumption and prolong the cycling life in
lithium metal cells.
Based on the above results and analysis, the protecting mechanism of CTAHF2 additive can be
described in three parts. Firstly, the surfactant property helps to improve the wettability of the
concentrated electrolyte, which has been proved by the contact angle test; Second, the reaction of
CTAHF2 with desolvated Li+ or ROLi generates more effective LiF content and contributes to
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more uniform lithium deposition, which has been proved by the EIS, XPS and SEM results;
Finally, the additive does not involve in the formation of lithium organic components in SEI, and
the formed LiF-rich SEI give better protection to lithium anode and alleviate electrolyte
decomposition, as a result, three times longer cycling life has been achieved with one percent of
the additive present.
2.3

What can be learnt, what can be improved from this project

Firstly, the measurement of Columbic efficiency could be improved with more carefully design
of Li deposition amounts. In figure 2-4, the cell fades fast due to the fully stripe of lithium from
Cu at the cut-off voltage (1.0 V in this work). To avoid the conversion effect of lithium with Cu,
certain amount of lithium should be remained on Cu side. And the CEs might be further
improved with this change.
Second, from the EIS results we can tell that LiF keep on forming once the electrolyte with
CTAHF2 has been added to the cell. The reaction between HF2- and lithium metal cannot be
suppressed, however, with further adjustment of the amount of HF2-, the initial impedance should
be lower, which may maintain the same performance with our current electrolyte formulation.
Third, the results are one-step behind to add the full-cell validation, although extended cycle life
was seen with half-cell results.
Although there are many things could be improved, this work helped to build the fundamental
understanding for Li metal, Si anode, regular/ concentrated electrolyte and functionalized
additive; to start learning and applying various methods in validating the proposed mechanism;
to achieve considerable results comparing with the most-success FEC additive.
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Chapter 3.
3.1

Interfacial reactivity and its implications on Si-based anode

Effect of the film forming additive on Si anode performance and morphology

Figure 3-1 Galvanostatic cycling performance of 100 nm Si thin film || Li metal half cells in four
electrolyte solution at room temperature. The discharge capacity was controlled at 0.382 mAh
cm-2.
Given the idea that CTAHF2 could introduce more LiF content and improve the cyclic stability
on lithium, we would like to further incorporate CTAHF2 and FEC additive and evaluate their
effect on Si anode. The selected Si anode is a sputtering electrode fabricated in GM. The silicon
material before cycling is in amorphous state. The Si thin film was firstly employed and tested
with a controlled discharge capacity of 0.382 mAh cm-2. The cells are then charged to 1.5 V vs.
Li+/Li and were continued to cycle under the same limitations. However, all cells encountered
the lithiation problem (figure 3-1 b, c) and even the highest CEs showed in 4M LiTFSI-DME +
3% FEC + 1% CTAHF2 were below 95% during cycling. The baseline and baseline electrolyte
plus CTAHF2 additive cannot fully stabilize the electrode and show the fluctuating data points.
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Figure 3-2 Galvanostatic cycling performance of 100 nm Si thin film || Li metal half cells in four
electrolyte solution at room temperature. The discharge capacity was controlled at (a) 0.051 mAh
cm-2 (b) 0.191 mAh cm-2.
To avoid the lithiation problem, the discharge capacity was adjusted at 0.191 mAh cm-2 for FEC,
FEC+CTAHF2, 0.051 mAh cm-2 for baseline and CTAHF2 additive (figure 3-2). In figure 3-2a,
the CEs recorded in the baseline electrolyte were 37.10% (1st cycle), 81.50% (2nd cycle) and
reached 99.57% after 7 cycles. For CTAHF2-only electrolyte, the initial CEs are 32.64% (1st
cycle), 93.74 (2nd cycles) and reached 99.60% after 5 cycles. Comparing with baseline
electrolyte, there were severe side reactions with CTAHF2 in the beginning, which also helped to
stabilize the electrode and ensured longer cycling. In figure 3-2 b, the initial CE for FEC-only
electrolyte, FEC+CTAHF2 electrolyte were 77.00%, 72.97%. During extended cycles, the FEConly electrolyte was less stable under the controlled capacity and failed below 99% after 95
cycles. The FEC+CTAHF2 electrolyte help to maintain stable cycling for 243 cycles. Although
FEC+CTAHF2 additives showed better stability with the controlled discharge capacity, the
electrolyte didn’t improve the performance a lot comparing with FEC-only electrolyte with a
voltage control (0-1.5 V vs. Li+/Li).
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Figure 3-3 (a) Si thin film electrode without cycling (b, c) 500 cycles Si electrodes in baseline
plus 3% FEC, baseline plus 3% FEC plus 1% CTAHF2 (d) Si||Li half-cell cycled at 0-1.5 V.
Figure 3-3 showed the cycling performance and SEM of the silicon electrodes before and after
500 cycles. All the cells are discharged at 0.2 mA cm-2 (1C discharge) and are charged at 0.5 mA
cm-1 (2.5C charge). The discharge capacity of the dual additive-electrolyte was slightly higher
than FEC-only electrolyte from # 50 cycle to # 352 cycle. The overall improvement effect of
dual additives was the same as in FEC-only electrolyte in 500 cycles. Comparing with the
pristine Si electrode, the cycled electrodes showed the pulverization and delamination problem.
Many of the silicon aggregates broke into particles and lost the physical contact with the
substrate or with other particles, thus become “inactive” and reduced the reversible capacity.
Moreover, in the dual additive containing electrolyte, the particles surface was covered with
more residuals from electrolyte decomposition.
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Figure 3-4 XPS analysis of the SEI layer on Si electrode (with conductive carbon and PAALi
binder) after 20 cycles at room temperature. C 1s, O 1s and F 1s spectra are presented, the
highest peak of C 1s has been calibrated to 284.5 eV.
After 20 cycles, the decomposition product full covered the silicon electrode surface as no Si 1s
peak was found in any XPS scan. The other peaks needed to be addressed were C 1s, O 1s and
F1s peaks. As expected, the components and relative peak ratio was similar to Li metal XPS test
(figure 3-4). Decomposition of FEC introduced C=O in polycarbonate, while reaction of
CTAHF2 didn’t include the organic component but increase the LiF ratio in the F 1s spectra. The
combination of CTAHF2 and FEC significantly increased the LiF content, which is highmodulus and help to accommodate the deformation of silicon electrode during lithiation and
delithiation.[61]
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In a conclusion, the electrolyte without additive showed the incompetence with the silicon anode,
as indicated by the low CEs and fast fading; while the adding of CTAHF2 + FEC dual additives
or FEC-only electrolyte could significantly improve the stability and cycling life of the silicon
anode in half cell test, as well as increasing the high-modulus LiF. Since the large expansion is
associated with full lithiation of silicon, a capacity constrain method was used to avoid the fully
lithiated state of silicon. With this method, CTAHF2 + FEC containing electrolyte showed the
best cycling performance. However, without limitation of lithiation capacity, the reversible
capacity in FEC-only containing electrolyte was better than dual additive containing electrolyte
during the first 50 cycles and after 352 cycles.
Typically, the delithiation capacity is less than the lithiation capacity in the initial cycling (i.e.
CEs < 100 %), due to the irreversible capacity loss. There are a few factors contribute to the
irreversible capacity loss in silicon anode. First, during the lithiation process, some of the silicon
particles loss the electric contact with the current collector, conductive carbon or with other
particles, therefore, become “inactive”. Second, the decomposition of electrolyte on electrode
surface consumes the lithium source and form the SEI layer, which accounts for most of the
capacity loss. Third, trapping of lithium in the silicon due to the irreversible volume change.
Here, we are most interested in the SEI-related capacity loss on silicon anode. To account for the
better performance with FEC in voltage control method, the proposed idea is that CTAHF2 +
FEC containing electrolyte generate more SEI and therefore contributes to more irreversible
discharge capacity in the initial cycles. “More SEI” means thicker SEI is formed on electrode
surface, which may be observed by the in situ techniques. In order to realize the virtualization of
the SEI growth and silicon particle expansion, in situ AFM technique was chosen and to capture
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the surface morphology change in a simulated battery system frame by frame. How was the
system built and how experimental results was interpreted will be presented in the next section.
3.2
3.2.1

In situ AFM in investigating the interfacial progress behind the battery performance
in situ AFM samples and a custom-designed electrochemical (EC) liquid cell
In order to make the working environment as similar as the real coin cell, EC liquid cell

contains a working electrode with the materials that researchers are interested in, a
counter/reference electrode to provide the lithium source, and the electrolyte that is sealed in the
system to avoid any moisture-induced contaminations. A voltage is applied to the EC liquid cell
and the current responses are recorded in a electrochemical working station. The AFM tip scans
line by line and the displacement is recorded and converted to the topography.

Figure 3-5 Electrochemical fluid cell setup
Silicon anode is involved in a more complex system comparing with graphite anode due to two
main factors: (Ⅱ). Inevitable volume expansion and shrinkage during lithiation and delithiation.
(Ⅱ). The conductivity of Si is not as good as graphite and other metallic anodes. Therefore, a
highly stable sample with good conductivity is important to make the in situ AFM study feasible.
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The general principle is to prepare a negative electrode similar as in a battery test, with active
material firmly attach to the conductive copper foil. The electrode is then sticked to a magnetic
AFM sample puck, with a nickel wire embedded between the electrode and the sample puck to
connect the power source under the working condition. When prepared the electrode, we firstly
dispersed the silicon particles on the Cu foil, then covered the electrode surface with another
clean Cu foil and pressed the sample under a pressure of 5 tons for 3 min. The pressing plate was
heated to 100 °C to add the ductility of the Cu foil. Extra Si particles were blew away with
nitrogen gas. With this method, there were still some particles peeled off during repeated
scanning and socking in electrode for several hours (figure 3-6 a). To improve the immobility of
the active material and add the electric conductivity to the electrode, 8% polyamide binder and
4% carbon additive were added to making electrodes with 88% of silicon. The selected Si has
D50 of 0.545 µm. The specific capacity of the electrode was about 1.58 mAh cm-2. Next, a Ni
wire was attached to the back side of the electrode, then the electrode with wire was sticked to
the AFM sample puck using the super glue. After the above steps, the sample was ready for
AFM test.

Figure 3-6 Common problems during imaging (a) particle peel off (b) bubble forms in the system
(c) tip contamination
A lithium foil attached Ni wire was used as the counter and reference electrode. The AFM probe
in this experiment was the HA-C Etalon Series probe with monocrystal silicon tip on polysilicon
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lever (k= 0.65 ± 20% N m-1, tip radius < 10 nm, K-TEK Nanotechnology). Both sides of the tip
were pretreated by Plasma to avoid the bubble forming in liquid (figure 3-6 b). In addition, the
scan direction was frequently changed to avoid any adsorption-induced tip contamination (figure
3-6 c). The effective area within the O-ring was 0.3317 cm -2. All in situ AFM images were
captured in PeakForce mode in liquid mode at room temperature (23 °C) with a Nanoscope 8
atomic force microscope (J scanner, Bruker). The voltage between working Si and counter Li
electrode was controlled and recorded by Solartron 1287 electrochemical workstation.
For CV test, the applied voltage started at the open circuit voltage (OCV) and ended at 0.005 V.
All the images were captured at 128 sample line, with a scanning rate of 0.799 Hz to 0.998 Hz.
Therefore, one figure takes about 130 seconds to 160 seconds. To avoid missing important
information, such as the electrochemical reaction and related morphology change, the CV scan
rate was set at 0.3 mV s-1, and the variation of voltage is less than 0.09V per image. Without
deleting the background current, the maximum cathodic peak current was always below 0.03
mA. After the CV scan, a constant potential at 0.05 V was applied to ensure the lithiation process
on Si. The process took half an hour. The reason of adding potentialstatic step after CV was to
ensure the complete reaction, since the initial formed organic components are not stable and go
through further decomposition to form the stable product, such as the lithium carbonates, lithium
alkyl. Another consideration is that Si is over-amount than Li. To ensure the scan region is
lithiated, a constant-voltage discharge is necessary.
During the negative CV scan, the first electrolyte decomposition on Si anode initiates at around
1.0 V for all electrolyte formulation. Although there was a peak started at around 2.0 V that
related to the impurities (e.g. moisture). The lithiation on Si occurs once the voltage drops below
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Figure 3-7 The first negative scan CV test in EC-AFM configuration in electrolyte (a) 1M
LiTFSI-DME (b) 4M LiTFS-DME (c) 4M LiTFSI-DME + 3 % FEC (d) 4 M LiTFSI-DME +
3 % FEC + 3 % CTAHF (e) 4 M LiTFSI-DME +3 % FEC in coin cell configuration
0.3V (figure 3-7 a). When compared with the coin cell three-electrode, the current density was
one digit lower and the cathodic peak shift to light for 0.1 to 0.3 V, which should be attributed to
the inevitable large polarization in EC-AFM configuration. However, the trend corresponds well
and could be used to identify the reaction happens at different voltage.
3.2.2

In situ AFM results and discussions

Here a few AFM height images were selected from different electrolytes and to make a
comparison (table 2). As we discussed in the last section, 4M LiTFSI-DME was chosen as the
baseline electrolyte, FEC and CTAHF2 as the film-forming additive. Both the high concentration
salt and the additives contributed more LiF content in the SEI. First, let’s talk about the AFM
images in 4M LiTFSI-DME and build the foundation.
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Table 2 Selected voltages and time slots in AFM scan
Figure
number
(#)
1
2
3
4
5
6
7
8

1M LiTFSI-DME

4M LiTFSI-DME

4M LiTFSI-DME
+ 3 % FEC

2.96 V
2.05 V
0.92 V
0.66 V
0.06 V
t = 176 seconds
t = 1058 seconds
-

2.94 V
2.02 V
0.94 V
0.62 V
0.04 V
t = 262 seconds
t = 1039 seconds
t = 1217 seconds

2.96 V
2.05 V
0.92 V
0.66 V
0.06 V
t = 194 seconds
t = 1106 seconds
t = 1249 seconds

4M LiTFSI-DME
+ 3 % FEC + 1 %
CTAHF2
2.90 V
2.02 V
0.91 V
0.64 V
0.04 V
t = 143 seconds
t = 1056 seconds
t = 1200 seconds

Figure 3-8 EC-AFM images in 4M LiTFSI-DME electrolyte with selected voltages and time. All
the images are scaled to ± 500 nm.
In 4M LiTFSI-DME, although the average size of the silicon particles was 500 nm, the surface
changes were not obvious in the two point five times ten square micrometer region. However,
the surface changes in the middle section could be observed at 0.005 V over times. In order to
identify the evolution of the morphology and to quantify the changes, the average height over
selected regions was chosen and the changes between the initial surface and the after-experiment
surface, for both the valley and domain were measured. The software for measurement was the
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NanoScope Analysis 2.0 (Bruker). The “step” function had the advantages of averaging a set of
lines and reducing the accidental error from selecting the wrong line at the same location.

Figure 3-9 EC-AFM images in 4M LiTFSI-DME electrolyte (a) selected regions in AFM images
(b – g) corresponding to the No. 1 to No. 6 regions. Height lines with different color related to
the different voltages or over time periods, and the color set applied to the b, c, d, e, f, g figures.
Initially, it is proposed that the verticle height would increase as the voltage decrease; however,
the height analysis (figure 3-9 b-g) results did not follow the same trend and could be
distinguished to three types:
(Ⅱ) there was barely increase in the vertical and horizontal direction (figure 3-9 b, g). The
vertical slowly increased or increased then decreased, finally stabilized at 0 – 14.92 nm.
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(Ⅱ) the peak position remains the same while the average height increased, which should be
attributed to the continuous growth of surface layer (figure 3-9 d, e, f). In this case, the heigh
changes from 22.54 to 63.44 nm.
(Ⅱ) the peak height dramatically increased, especially at lower voltage (figure c, d). In figure 39 c, the particle at 1.1-1.5V increased to 139.64 nm. More than 100 nm changes were also found
in figure d.
When consider the voltage and corelated reduction reactions, the height changes above 0.50 V
were largely attributed to the electrolyte decomposition and SEI formation. At 0.04 V, the silicon
alloying process went along with the SEI evolution and can only be identified from the sudden
height changes over specific regions. It should be noted that before doing the height analysis, a
“flatten” command was chosen to remove the tile and low-frequency noise in each line based on
the average Z value. Since the average Z value varies between different images, only the relative
changes were measured and one of the situations in which the SEI was uniformly coated over the
whole surface was not included in this section. As a result, the relative height changes may not
reflect the real vertical height increase.
Based on the above observation, it should be concluded that the SEI components in 4M LiTFSIDME was uneven distributed, and the particle expansion was observed at several spots. When Si
volume expansion involved, the vertical height changes more than 100 nm.
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Figure 3-10 EC-AFM images in 4M LiTFSI-DME + 3 % FEC electrolyte with selected voltages
and time. All the images are scaled at -550 nm to 700 nm.
In 4M LiTFSI-DME + 3 % FEC electrolyte, the particle volume change was not significant,
which is partially due to the very rough surface. Therefore, a few representative regions were
picked up and measured as in figure 3-10.
Comparing with the 4M LiTFSI-DME baseline electrolyte, the vertical height in FEC containing
electrolyte was more stable with limited increases from 11.37 nm to 32.34 nm in the most
regions, and larger increase on top of the particles up to 65.21 nm, which may also accompanied
by the volume expansion. Although only the relative height change was addressed in the figures,
the less variation of height indicated the thickness change in FEC containing electrolyte was
more uniform, although dramatic volume changes were observed in some particles. The new
formed SEI was thinner with FEC additive. This was also confirmed with the SEM results
(figure). Besides, the changes on top of particles varied from 12.22 nm to 65.21 nm, and the
changes in the valley varied from 10.47 nm to 21.07 nm. Therefore, there was no preference of
deposition position.
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Figure 3-11 EC-AFM images in 4M LiTFSI-DME + 3 % FEC electrolyte (a) selected regions in
AFM images (b – f) corresponding to the No. 1 to No. 5 regions, respectively. Height lines with
different color related to the different voltages or over time periods, and the color set applied to
the b, c, d, e, f figures.
stabilize the Li metal and silicon electrode, as well as to reduce the decomposition of electrolyte.
Next, a few regions were picked to compare the exact changes and try to compare the difference
with FEC-only electrolyte and the baseline electrolyte.
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Figure 3-12 EC-AFM images in 4M LiTFSI-DME + 3 % FEC + 1 % CTAHF2 electrolyte with
selected voltages and time. All the images are scaled at -330 nm to 300 nm.
The vertical height in dual additive-containing electrolyte changed from 10.04 nm to 28.51 nm
for most regions, although larger increase of height was found in valley. Comparing with
baseline electrolyte, the deposition and morphology changes were more uniform and stable,
which means (1) the formation of SEI covered the whole surface and provided good insulation
(2) the formation of good SEI effectively suppressed the pulverization of the electrode (3) the
volume change was uniform due to the uniform distribution of Li+ surrounded the silicon
particles.
To better confirm the role of SEI in suppressing the electrode pulverization, 1M LiTFSI-DME
was chosen to investigate the morphology changes. Both 1M LiTFSI-DME and 4M LiTFSIDME were not suitable for the Si thin film electrode, as the fast fading and lower columbic
efficiency were found in both electrolytes.
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Figure 3-13 EC-AFM images in 4M LiTFSI-DME + 3 % FEC + 1 % CTAHF2 electrolyte (a)
selected regions in AFM images (b – f) corresponding to the No. 1 to No. 5 regions, respectively.
Height lines with different color related to the different voltages or over time periods, and the
color set applied to figure b, c, d, e, f.
The morphology change in 1M LiTFSI-DME was more significant comparing to the electrolyte
with additives. When the voltage was below 0.04V, the height continues rise up and the volume
expansion was observed at several spots, which share the similar with 4M LiTFSI-DME
electrolyte.
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Figure 3-14 EC-AFM images in 1M LiTFSI-DME electrolyte with selected voltages and time.
All the images are scaled at ± 500 nm.
Here four representative regions was picked and analyzed. Three of them accompanied by the
significant height increase, which were up to 135.52 nm. When the voltage was above 0.66 V,
there was as much as 44.35 nm increase in thickness. However, an increase of 91.47 nm was still
observed on the top of particle at lower voltage, which was mainly attributed to the lithiation and
volume expansion. Similar phenomenon was found in 4M LiTFSI-DME electrolyte (figure 3-8 c,
d, e).
When combining the electrochemical tests, SEM, and in situ AFM results, the SEI and volume
change induced irreversible capacity loss was studied and a few conclusions were given as
below.
(Ⅱ) Baseline 4M LiTFAI-DME electrolyte and 1M LiTFSI-DME electrolyte were
incompatible:
with the silicon electrolyte, as the electrolyte decomposed and uneven distributed over the
electrolyte surface. An increase within 22.54 nm to 44.35 nm was observed in most regions,
while a dramatic increase of 139.64 nm and 135.52 nm were found in 4M, 1M electrolyte,
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respectively. Therefore, the SEI formed in baseline electrolytes was unable to regulate the Li ion
path and accelerated the uneven volume expansion and SEI accumulation as the continuously
increasing in vertical height were observed at several spots.

Figure 3-15 EC-AFM images in 1M LiTFSI-DME electrolyte (a) selected regions in AFM
images (b – e) corresponding to the No. 1 to No. 4 regions, respectively. Height lines with
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different color related to the different voltages or over time periods, and the color set applied to
figure b, c, d, e.

Figure 3-16 Mechanism of the SEI protection
(Ⅱ) With the adding of FEC, the surface height varies within 27.29 nm in most regions.
However, the vertical height variation on top of the particle up to 65.21 nm was found in the
selected region, which was accompanied by the significant morphology change. Comparing with
baseline electrolyte, the surface height increase was more uniform, and thinner SEI layer was
formed on electrode surface, which helped to regulate Li+ distribution and suppressed the
uneven volume changes of the silicon particles.
(Ⅱ) Adding of CTAHF2 and FEC dual additives further improved the uniform deposition of
SEI as the vertical height changed from 10.04 nm to 28.51 nm in most regions, although thicker
SEI was found in the valley, which may also relate to particle rearrangement. Since the adding of
CTAHF2 only induced the LiF content in SEI, the surface layer was more robust against the
pulverization of active materials in porous electrode. As the figure 3-12 shows, owing to the
high-modulus and lower Li ion diffusion energy barrier properties of LiF, the LiF-rich SEI is
more stable against the electrolyte decomposition and suppresses the uneven volume expansion
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by contributing to uniform Li+ diffusion surround the electrode. Without the LiF-rich property,
the electrolyte tends to decompose and randomly distribute, which trigger the severe volume
expansion of silicon particles without good protection.
3.3

What I learned from the AFM and other characterizations on Si

In this chapter, we validated that the adding of small dose of film-forming additive could
effectively improve the silicon electrode performance by prolong the cycling life and increase
the CEs. LiF has been proved as an important component in preventing continuous electrolyte
decomposition and facilitate Li+ distribution on electrode surface. With our lab-modified liquid
cell, the silicon electrode morphology evolution under the working condition (1.5V to 0.005 V
vs. Li+/Li) was successfully observed and compared in different electrolytes with or without
additives. Both 1M and 4M LiTFSI-DME electrolyte couldn’t provide sufficient protection to the
electrode, as the vertical height continue to increase, and silicon particle volume expansion was
observed at several spots. However, by adding FEC, a thinner and more stable SEI was formed
on electrode surface, which helped to suppress the uneven volume expansion of particles. When
combing FEC with CTAHF2 additive, the LiF ratio further increased as the XPS result showed,
and more uniform thickness change was observed by in situ AFM. No dramatic height increase
was found after the lithiation process, which indicated that a robust LiF-rich SEI could suppress
the volume expansion-caused delamination, therefore, trap the active material and maintain good
electric contact.
One thing must be noted is that the CV results cannot represent the real galvanostatic test in
batteries due to higher polarization in the EC-liquid cell and lower lithiation capacity during
negative CV scan. During battery cycling, more SEI will form on the electrode and more severe
Si volume expansion is expected. However, our AFM results could serve as a reliable way to
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investigate the initial reactions happen on electrode and help to understand the SEI protection
mechanism behind the battery test results.
Chapter 4.
4.1

Impacts of surface properties and stability of Ni-rich NMC

Current wisdom

Layered lithium nickel manganese cobalt oxide (LiNixMnyCozO2, generally refers to NMC) is
one of the most promising classes of cathode materials and NMC111 has already been
commercialized with a capacity of ~160 mAh/gNMC when cycled to 4.2V in NMC-graphite full
cells.[77] Nickel-rich NMCs (the content of Ni>> Mn and Co) exhibit significant higher
capacities, but also faster capacity fading and shorter lifetime comparing with NMC111, which is
partially because increasing amount of Ni leads to more reactive surface oxygen.[78] The high
surface reactivity of Ni-rich materials can lead to the formation of surface impurities with water
and carbon oxide during material synthesis and ambient storage, which not only induces a high
initial voltage during delithiation, but also causes the impedance growth, irreversible capacity
loss and degradation of cycle life.[77] Therefore, it’s crucial to understand the formation of
surface impurities and control the amount of surface impurities on Ni-rich cathode materials. In
order to enhance the structural and thermo stability of Ni-rich cathode, several strategies have
been proposed in literature, including doping[79], design of concentration gradient[80] and surface
modification.[81, 82]
In this work, the influence of storage environment, the time of storage was first compared and
giving the idea of ambient effect and sensitivity of the Ni-rich NMC. After that, a simple coating
method was proposed. A wax-like material which remains the solid-state and is chemically stable
at room temperature, thus, to protect the Ni-rich cathode material against carbon dioxide and
water in the air. Coating homogeneity is guaranteed without using additional solvents; therefore,
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the process is considered as highly simple. In comparison to the non-treated extended air-storage
samples, the coating treated samples effectively alleviate the initial capacity loss and cycle life
degradation.
4.2

NMC 811 surface morphology evolution

The surface morphology changes, and chemical composition changes were investigated by SEM,
AFM and XPS. Later, an acid-base titration method was proposed to quantify the impurities.
The NMC 811 powder was fixed with the double-sided tape on the magnetic sample puck for the
ex situ AFM characterization. The silicon probe (k = 26 N m-1, resonance frequency 300 kHz in
air; Asylum Research) went through 5 min UV-Ozone clean before use. Figure 4-1 a, b showed
the morphology changes on the material surface and the trend of roughness factors with exposure
time and z range was plot in figure 4-2. The electrochemical performance of all types of
materials was evaluated with CR2032 coin-type cell. The electrode was made with a ratio of
NMC: SP: PVDF (12wt% in NMP) =8:1:1. The separators were Celgard 2325 and electrolyte
1.2M LiPF6-EC/EMC (3/7) + 2% VC was used in the test. The cell performance was measured
galvanostatically at 0.2 C rate with the voltage range of 2.8-4.4V vs. Li+/Li.
Figure 4-1showed the NMC811 surface change by AFM and SEM. Although clear morphology
change was observed with both techniques, the subtle changes at the beginning were only
captured by AFM. From pristine NMC811 to the powder being exposed for 34 days, there were
tiny particles formed on primary NMC particles, then covered the surface and new particles
emerged, finally reduce the vertical height difference and smooth the surface.
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Figure 4-1 (a) AFM 3D images of NMC 811 surface morphologies (b) High-resolution SEM
images of NMC 811 material after exposed to air for a different time.
Z is the maximum vertical value between the highest point and the lowest point the AFM scanning
region, which depends on the material surface morphology. Ra is the arithmetic average of
absolute valuses of the surface height devaiation; Rq is the root mean square average of the height
deviation. In figure 4-2, the roughness changes usually followed the trend of Z value, except for
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day 1 sample. After exposed to the ambient environment for 24 hours, the surface properties of
NMC 811 rapidly changed, therefore, the roughness suddenly drop while the vertical height

Figure 4-2 NMC811 material surface roughness factor from three selected regions of each AFM
images. Six regions were measured for each sample. Ra, Rq are the defined roughness factors
with different calculation.
differences in fact increased. The coin cell testing results could support the surface morphology
changes for day 1 sample. In figure 4-3 a, there was a permanent discharge capacity difference for
day 1 sample and pristine NMC811. The overlap of the initial discharge capacity of 15 days and
34 days NMC also indicated that the air storage effect was more obvious for the “fresh” sample.
Combining with 3D AFM images, we could also infer a model of NMC 811 surface changes in
the ambient environment: firstly, the inorganic composites formed on the surface of NMC particles
and formed small domains. After 5 days, a layer formed and covered the surface of NMC particles.
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Finally, the small inorganic particles keep on forming and growing on top of the layer, the surface
roughness raised again.

Figure 4-3 (a) cycling performance of the coating treated NMC 811 charge/discharge at 0.2C,
2.8-4.4V (b) the correspond first cycle voltage-capacity curve.
4.3
4.3.1

Surface impurities
Quantification of the surface carbonate impurities

Figure 4-4 Acid-base titration setup
The surface residual lithium salts were dissolved in acid first. The forming CO2 gas at elevated
temperature was collected in standard NaOH solution and titrated with the standard HCl solution.
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By calculate the amount of HCl used in black test and with NMC samples, the amount of CO2
gas and surface carbonate species could be calculated with the following equation.
(N)mol
(V mL − V mL)
1L
44.01 g
CO (%) = LM
×
×
P×
T /(S)g × 100
1
1000 mL
L
mol
(Equation 4-1)
(N)mol
(V mL − V mL)
1L
73.89 g
Li CO (%) = LM
×
×
P×
T /(S)g × 100
1
1000 mL
L
mol
(Equation 4-2)
In the above two equations, V1, V2 refers to the amount of consumed HCl reference solution in
the measurement and in black test. N refers to the normality factor of HCl solution. S refers to
the weight of the sample (g). 44.01 and 73.89 refers to the molecular weight of CO2 and Li2CO3.

Figure 4-5 Titration results with NMC 811 storage in air for different days. Three independent
measurements were operated for each type of sample.
The results of titration were plot in figure 4-5. The initial amount of lithium carbonates was very
low (0.01%), which was mostly generated from the material synthesis. A sudden increase was
found in day-1 sample, as the carbonates increased to 0.34%, but the results were less stable than
the day-5 samples. From day 1 to day 15, the average growth rate was 1.34% and form day 15 to
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day 34 (one month), the growth rate was 2.60%. The average growth rate was calculated based
on the n-square feet of the present and initial value.
4.3.2

Spectroscopic study of the structural changes

Phase change on selected regions

Figure 4-6 HR-TEM of the fresh NMC particles, d space parameters are noted in the pictures.
LiNi0.8Mn0.1Co0.1O2 (NMC811) is isostructural to the alpha-NaFeO2-type layered structure.
Previous research by Jing Li et al. indicate that a reconstructed surface layer (rocksalt) of about 3
nm thickness was shown in fresh NMC sample due to it high Ni content when expose to air.[83]
To further identify the impurities formed on NMC surface before and after air storage, HR-TEM
is employed here. The d space of clear lattice structure was measured and marked in figure 4-6
(fresh NMC) and figure 4-7 (34-day NMC). 0.23nm, 0.25nm and 0.50nm correspond with the
lattice parameter of NMC layered structure and there is no clear evidence of rock saltrearrangement on particle surface in figure 5-11. However, the additional lattice parameters in
figure 4-7 are closer to the d value of Li2CO3 (0.27nm, 0.5nm), Li2O (0.17nm, 0.27nm) and
NiCO3 (0.17nm, 0.27nm). Higher resolution and selected area diffraction are required if we need
to further distinguish the impurities. By comparing the pristine and day 34 sample, it’s clear that
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NMC surface undergo structure change and phase transition during the react with water and
carbon oxides. A layer containing impurities finally forms on 34-day-NMC with a thickness of
less than 3nm at least in the selected region.

Figure 4-7 HR-TEM of NMC after storage in air for 34 days.
4.4
4.4.1

Enhancing the surface stability of NMC811 by surface coating
Proposed coating method

Ethylene carbonate (EC) is a wax-texture compound, which is chemically stable at room
temperature. The material melts at 34 to 37 °C to become a colorless liquid, which makes it
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easier to guarantee the coating homogeneity without using additional solvents. Comparing with
the conventional wet coating methods, the proposed coating method is quite simple.

Figure 4-8 (a) proposed EC coating method (b) SEM of treated particles
In the beginning, ethanol and acetone was selected as the solvent to facilitate NMC dispersion in
a ratio of 1/1/0.5 (NMC/EC/solvent weight). The result was not promising and even deteriorated
the discharge capacity, as they are easy to blend or absorb the moisture (figure 4-9).

Figure 4-9 selection of solvent
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Figure 4-10 (a) cycling performance of the EC-coating NMC 811 charge/discharge at 0.2C, 2.84.4V (b) the correspond first cycle voltage-capacity curve.
The samples were assembled and tested in NMC811||Li coin-type cell. After put in air for one
day, the EC-coating sample exhibits better initial discharge capacity and capacity retention over
200 cycles comparing with the non-treated sample. There is a trend that the specific capacity will
gradually increase in the first ten to fifteen cycles, which is more obvious for 34-day NMC and
39-day EC/NMC. Gasteriger et al. states that is due to more incomplete decomposition of the
carbonate species as the upper cutoff voltage is reduced (figure 4-10 a).

Figure 4-11 (a) Comparison of cycling performance for NMC with/without coating (b) quantified
surface impurities
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The results were further compared between treated and non-treated pristine samples. With ECtreatment, the reversible capacity increased, while the mixture of EC-coting NMC generate more
carbonate residuals. The proposed idea is that during EC-NMC mixing, the residual carbonates
were washed away from the NMC, which facilitate Li+ transfer and exhibit higher reversible
capacity.

Figure 4-12 XPS analysis of the SEI layer for NMC 811 cathode after charge/discharge at 0.2C
2.8-4.4V for 2 cycles in electrolyte; the highest peak of C1s has been calibrated to 284.5eV.
Initial CEI layer formed after 2 cycles for NMC cathode made from fresh NMC 811 power, 12day storage NMC and 12-day storage EC coating NMC. The most obvious change is related to
M-O bond which usually comes from the lattice O, the surface residue metal oxides (e.g NiCO3)
and LiOH. The M-O signal is not clearly shown in “Pristine NMC” sample because of the
depilation of background and weaker O 1s signal in XPS test. “12 day NMC” has a significant
M-O peak indicate more metal oxides formed due to 1) the incomplete formation of protective
layer 2) the catalytic effect of Ni ions with air before cycling. After 50 cycles (figure 4-13), a
thicker CEI layer covers the electrode surface, which is determined by the electrolyte
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decomposition. Therefore, it’s reasonable that all the test results show the similar compositions
and contents.

Figure 4-13 XPS analysis of the SEI layer for NMC 811 cathode after charge/discharge at 0.2C
2.8-4.4V for 50 cycles in electrolyte; the highest peak of C1s has been calibrated to 284.5eV.
4.5

What I learn from this work

Ni-rich NMC materials are highly sensitive to air (moisture and CO2) due to the highly reactive
Ni3+ and the residual lithium compounds after synthesis. The formation of lithium carbonates on
surface hinders Li+ transfer and results in lower capacity. The material synthesis and storage
atmosphere must be carefully handled to reduce the unfavorable surface reactions.
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Chapter 5.

Conclusion

LiF has been considered as one the most important SEI components in improving the uniformity
of the electrode surface morphology and reduces the uneven deposition of Li metal due to its
higher interfacial energy, lower Li ion diffusion energy barrier, higher modules, and good
electric insulating property. The new proposed electrolyte additive CTAHF2 decomposed to form
the LiF-rich SEI without introducing unstable organic components, thus an improvement of
performance was observed in both anode materials. Among various characterization methods, in
situ AFM is one of the most direct and reliable way in simulating the working condition inside
the batteries and to characterize the generation and evolution of SEI. In combining with other
techniques, the LiF-rich SEI has been proved to provide more uniform coverage of the electrode
surface. Uneven volume expansion and electrode pulverization was suppressed with LiF-rich
SEI, which may relate to the high-modulus property of LiF. Also, the distribution of Li+ is more
uniform with LiF-rich SEI.
After being exposed to air, more insulating lithium compounds formed on Ni-rich NMC cathode
materials, which hinder the performance of the materials and may involve in the detrimental
battery gassing. A pre-treatment with ethylene carbonate helps to alleviate the effect of surface
residuals as prevent the materials from direct contact with air and may clean the particle surface
during the mixing process.
Both works serve as to increase the fundamental understanding of high-capacity materials, the
electrolytes and additives, and powerful characterization methods.
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